The torsional dependence of the CH 3 stretching and bending modes of methanol has been explored in terms of a local mode internal coordinate picture ͓X. Wang and D. S. Perry, J. Chem. Phys. 109, 10795 ͑1998͔͒. First, the torsional variations of the small-amplitude vibrational frequencies along the mass weighted intrinsic reaction coordinate from the top to the bottom of the torsional potential barrier were calculated by means of ab initio frequency projection utilizing GAUSSIAN 98. The resulting curves for the three C-H stretch ab initio frequencies as functions of the torsional angle cannot be reproduced by the original 3ϫ3 local mode model incorporating stretch-torsion and stretch-stretch couplings at lowest-order only, but are well-fitted if the model is extended to include higher-order coupling terms. For the CH-bending modes, with internal coordinates chosen to give a high degree of localization, bend-torsion and bend-bend coupling parameters were determined from the ab initio projected frequencies, and were then used to predict torsional tunneling splittings. Just as observed for the C-H stretch modes, the two higher-frequency asymmetric CH-bend modes are predicted to have inverted tunneling splittings with reduced amplitudes, while the splitting pattern for the lower frequency symmetric-bend mode is predicted to be normal.
I. INTRODUCTION
For both methanol and acetaldehyde, the large-amplitude torsional motion gives rise to complicated torsion-rotation energy structures for the excited small-amplitude vibrational states, starting from the lowest fundamentals. For both molecules, recent high-resolution rotational analyses of a variety of vibrational bands have revealed intricate pictures of interlocking states in a complex vibration-torsion-rotation energy manifold. In the case of methanol, the observed excitedstate torsional energy patterns for a number of modes range from deviating substantially to inverting completely from the ground state pattern, 1, 2 showing that the traditional onedimensional large-amplitude torsional Hamiltonian is incomplete for the vibrational problem. Because the largeamplitude torsional motion always contributes to the energy manifold of the small-amplitude vibrations, any proper vibrational treatment must take torsional dependence into consideration. Such theoretical thinking has already been laid out clearly in the literature, with all molecular quantities being expanded as functions of torsional angle and the smallamplitude vibrational problem being resolved in the presence of large-amplitude torsion. 3 Wang and Perry have recently presented an internal coordinate model 4 for methanol treating the C-H stretch vibrations simultaneously with the torsion by Fourier expanding the three C-H stretch frequencies and the stretch-stretch coupling as functions of torsional angle. Initially, to fit the three experimental band origins for the three C-H stretch vibrational modes, a truncated 3ϫ3 model was used with the torsional angle ␥ set to zero as a fixed parameter, corresponding to the bottom of the barrier at the equilibrium configuration of the molecule. Values for the local stretch frequency , the direct stretch-stretch coupling , and a single stretch-torsion coupling parameter were determined. When these values were then inserted into an expanded model with torsion actively included through the traditional three-fold torsion-rotation Hamiltonian H tor ϭFj ␥ 2 ϩ1/2V 3 (1Ϫcos 3␥)ϩ1/2V 6 (1Ϫcos 6␥), the results were in remarkable qualitative agreement with the inverted torsional tunneling splittings observed for the 2 and 9 asymmetric C-H stretches and the normal splitting for the 3 , and V 6 ϭϪ0.80 cm Ϫ1 ͒ ͑Ref. 5͒ used for the torsional constants.
During the same period, we had been conducting an ab initio study of structural and force field variations with torsional angle, in order to explore the torsional dependence of the vibrational problem more fully in preparation for use of the large amplitude formalism of Ref. 3 . In our first article, 6 the structural flexing for methanol at the top and the bottom of the torsional potential barrier was investigated and interpreted in terms of a set of torsion-vibration-rotation interaction constants with a (1Ϫcos 3␥) dependence. The present work is a close follow-up to this first article ͑Ref. 6͒, with all quantities for methanol having now been mapped out along the mass weighted intrinsic reaction coordinate ͑IRC͒ from the top to the bottom of the torsional potential barrier. 7, 8 This allows the methanol vibrational problem to be transformed from the traditional 12ϫ12 vibrational space over to an 11ϫ11 vibrational plus 1ϫ1 large-amplitude space in which the unique large-amplitude torsion is projected out from the remaining 11 small-amplitude vibrations. 3 Following the usual convention, we will take ␥ϭ0°a nd 60°at the bottom and the top, respectively, of the threefold torsional potential barrier. Strictly speaking, to properly interpret our ab initio calculations of torsional dependence, the precise relationship between the intrinsic reaction coordinate ͑IRC͒ of quantum chemistry and the internal rotation angle ␥ in the spectroscopic Hamiltonian should first be defined. This functional relation can be shown to involve a linear term plus a small but nonnegligible sine contribution 8 and will be fully discussed in a following article. 9 For the present, no distinction will be made between the IRC and the definition adopted in this work for the torsional angle ␥, namely the average of the three dihedral angles d i ϭЄH i -C-O-H (iϭ4,5,6). In the notation and atom numbering scheme of Ref. 6 , ␥ϭ(d 4 ϩd 5 ϩd 6 Ϫ360)/3 where the three dihedral angles, d 4 ϭD(4,3,2,1), d 5 ϭD(5,3,2,1), and d 6 ϭD(6,3,2,1), are determined from the ab initio structure at each IRC point and lie approximately 120°apart.
In the present work, we examine whether the local mode internal coordinate model can account for the torsional dependence of the vibrational frequencies in methanol. We report ab initio calculations of vibrational frequency variations with respect to the torsional angle and then treat these as ''experimental'' information for CH 3 OH, paying particular attention to the torsional behavior of the methyl stretching and bending modes. For the three C-H stretches, the ab initio experimental results are analyzed in terms of Wang and Perry's internal coordinate model, 4 and extension to higher-order coupling terms is found to be essential. The extended model is then used in torsion-active form to predict the torsional splitting patterns for the three CH-bend modes, for which no direct experimental observations have yet been reported. The article is set out as follows. In Sec. II, the procedure for the ab initio computations is outlined, and the torsional variations found for the vibrational frequencies are discussed. In Sec. III, various aspects of the fitting of the ab initio frequencies to the extended internal coordinate model are described. Section IV deals with the choice of internal coordinates to best isolate the CH bends as local modes. In Sec. V, the fitting of the C-H stretching and CH-bending ab initio frequencies with the extended model is discussed, and results are given for the higher-order interaction terms found to be important. Section VI presents the torsional splitting patterns predicted by the expanded active torsion model using the fitted parameters. Lastly, the work is summarized and interesting future questions and prospects are discussed in concluding remarks in Sec. VII.
II. AB INITIO PROJECTED FREQUENCIES-COMPUTATIONAL DETAILS
The quantum chemistry tool selected for use in this work was the GAUSSIAN 98 ab initio package, 10 referred to as G98 in the following text, installed on the NIST 32 CPU SGI Origin 2000 machine. All calculations employed the same convergence criterion, basis set, and theory level as in Ref. 6 , i.e., very tight, 6-311ϩG(3d f ,2p), and MP2, respectively. Starting at the optimized geometries from Ref. 6 at the top and the bottom of the barrier, structural changes due to methylgroup torsion were monitored at approximately 2.8°steps in the internal rotation angle ␥ from the top to the bottom of the barrier along the IRC. Fully relaxed molecular structures in internal coordinates were optimized for the initial reactant, the transition state, a final product, and a 20-point reaction path on each side. Note that the quantum chemistry language, i.e., starting with the reactant, following the reaction path through the transition state, and arriving ultimately at the product, corresponds in internal rotor terms to starting from one minimum ͑␥ϭ0°at the bottom of the barrier͒, following the internal rotation motion through ␥ϭ60°at the top of the barrier, and ending at another equivalent minimum ͑␥ϭ120°at the bottom of the barrier͒.
The optimized structure at each torsional angle was then fed into the G98 program for projected frequency calculations. This new option in the G98 version allows frequency calculations at nonstationary points along the mass weighted IRC path. 11 The 11 small-amplitude vibrational frequencies are output by G98 with the contribution along the IRC direction projected out, and are plotted in Fig. 1 as functions of the torsional angle ␥. Table I lists the 11 ab initio vibrational frequencies calculated at the bottom and top of the barrier, their absolute and percentage variations, and the experimental band origins taken from the literature. 12 A global dependence on ␥ is evident from both Fig. 1 and Table I , with variations ranging from 2 cm Ϫ1 for the lowest fundamental ͑ 8 C-O stretch͒ up to 33 cm Ϫ1 for the highest fundamental ͑ 1 O-H stretch͒. On a relative scale, the minimum change is 0.2% for the C-O stretch, rising to 1.0% for the 11 out-ofplane CH 3 rock and 1.3% for the 6 OH-bend. We interpret the magnitudes of these changes as measures of the likely deviations between experimental vibration-torsion-rotation energy structures and those predicted using the traditional one-dimensional large-amplitude torsional Hamiltonian. Indeed, this seems consistent with observed vibration-torsionrotation energy patterns for methanol. 1, [13] [14] [15] 
III. FITTING OF THE AB INITIO RESULTS TO THE LOCAL MODE INTERNAL COORDINATE MODEL-PROCEDURAL ASPECTS
In this section we discuss questions that arose in the process of fitting our ab initio results to the internal coordinate model developed by Wang and Perry 4 to explain the torsion-vibration structure of the C-H stretch modes. Their local mode model contains torsional variation terms for the stretch-stretch and stretch-torsion couplings. Thus, ab initio results make a valuable contribution by providing information on variations which are difficult to obtain experimentally. For convenience in later discussion, we give below the 3ϫ3 Hamiltonian elements for the frozen-torsion version of the local mode model expanded up to third-order in the coupling.
where ␥ i ϭ␥Ϫ(2iϪ2)/3 and i, j,kϭ1,2,3 with i j k. The definition of ␥ i gives the proper 2/3 phase relation between successive elements for the threefold torsion of the methyl group. The lowest-order form of Eq. ͑1͒, retaining , 1 ϭ, and 0 ϭ, was the one actually used in Ref. 4 . We will refer to this as the three-parameter model.
A. Need for the expanded Hamiltonian
As a first step in our comparison with ab initio results, we diagonalized Wang and Perry's three-parameter Hamiltonian 4 for each ␥ point along the ab initio IRC path, using their values 4 for . , and . The center of gravity of the resulting eigenvalues for the three C-H stretch modes is Expt. obs. higher for the ab initio results than for the local mode model. This can largely be attributed to the fact that the ab initio results are unscaled harmonic frequencies. We did not apply any correction for anharmonicity, as we believe that any constant scaling is unlikely to alter the curvature or the slope of the torsional angle dependence. We focus rather on the relative separations between the two asymmetric C-H stretches ͑ 2 and 9 ͒, and between their center of gravity and the frequency of the symmetric C-H stretch ( 3 ). Next, we fitted the G98 ab initio frequencies to the threeparameter model at both the bottom (␥ϭ0°) and the top (␥ϭ60°) of the potential barrier. The resulting , , and values are given in Table II, Here, the invariance of the trace of the 3ϫ3 matrix was used to determine conveniently as the average of the three C-H stretch frequencies, i.e., ϭ( 2 ϩ 9 ϩ 3 )/3. The ab initio results in Table I show a factor of 10 difference in the 2 and 9 energy separation in going from the bottom to the top of the barrier, which requires a variation of similar magnitude in the value of from the simplified model as seen in Table  II . This means that we cannot match the local mode and the ab initio curves over the entire torsional angle range with a unique set of three constant , , and values, i.e., that it is not possible to reconcile our present ab initio results with the simplified three-parameter Hamiltonian in the lowest-order form of Eq. ͑1͒. Figure 2 shows a comparison between the ab initio curves ͑open circles͒ and the two limiting sets of local mode curves calculated taking , , and values from fits to the ab initio frequencies at ͑a͒ the bottom ͑solid lines͒ and ͑b͒ the top ͑dashed lines͒ of the potential barrier. The steep slopes of the three ab initio curves indicate vibration-torsion coupling sufficiently strong that the torsional angle dependence cannot be neglected. Therefore, higher-order Fourier expansion terms in the stretch-torsion and stretch-stretch coupling must be included.
B. Improvement with addition of higher-order terms
Our detailed sampling over 22 discrete torsional angles along the IRC curve gave enough data points to determine higher-order coupling parameters in the local mode Hamiltonian. We therefore proceeded to explore a fit of all 66 (ϭ3ϫ22) ab initio CH-stretching frequencies to the fully expanded third-order model of Eq. ͑1͒. The resulting parameters, which are reported later in Sec. V, produced C-H stretch frequencies that on the scale of Fig. 2 all fall right on top of the direct ab initio values. Thus, our results show that the extended model can account well for the torsional variations in frequency predicted by the G98 calculation, and that the higher-order parameters are clearly essential.
C. Unexpected resonance-like features and nonunique solutions of Eq. "1… for the CH-bending parameters
The three methyl bending modes are, in decreasing order of vibrational frequency, the AЈ asymmetric CH-bend 4 , the AЉ asymmetric CH-bend 10 , and the AЈ symmetric CHbend 5 . These are traditionally thought of as motions associated with the three ЄH-C-O or ЄH-C-H bending angles. Because sets of three methyl hydrogen coordinates are thus involved for both the three C-H stretch modes and the three CH-bend modes, one might logically hope to be able to apply the 3ϫ3 local mode model of Eq. ͑1͒, as developed for the C-H stretch modes, to the CH-bend modes 
First, sets of and values were obtained by fitting the CH-bend ab initio frequencies at each torsional angle ␥ to the simplified three-parameter model, with taken as the average of the three CH-bend ab initio frequencies. In contrast to the C-H stretch modes, the curves obtained for the CH-bend and coupling parameters showed resonancelike features half-way up the barrier at ␥ϭ30°. The curve resembled the well-known phase response, and the curve the amplitude response, of a vibrating system to an external driving force. In the process of trying to understand and eliminate these unexpected resonance features, we discovered that the ab initio frequencies could be fitted equally well by completely different parameter sets, as shown with their full torsional dependence in Fig. 3 . The two parameter sets both reproduce the ab initio frequencies exactly, but the curves have a 180°phase difference for and are quite different in the amplitude of the resonance feature for .
The existence of these dual sets of possible parameters led us to explore the uniqueness of the solutions to the determinantal equation defining the eigenvalues of the Hamiltonian matrix of Eq. ͑1͒. The sum of the squares of all elements of H is invariant to matrix diagonalization, so here is equal to the sum of the squares of the three mode frequencies. This fact allows us to express in terms of , and thus to express the eigenvalue determinant as a function of alone. Figure 4 shows the determinant, which can be calculated with any of the 4 , 10 , 5 frequencies taken as the eigenvalue, plotted as a function of in a series of curves for the different torsional angles. A solution for corresponds to the determinant being zero, i.e., to a point where the curve crosses the -axis. Thus, as seen from Fig. 4 , for each torsional angle there are from 2 to 4 solutions, with the latter case corresponding to ␥Х23°. This then raises the question of how to choose the right solution, since in practice at each value of ␥ there should only be a single root corresponding to the correct physical picture for the vibrational modes.
D. Location of physically correct solution-combined use of eigenvalues and eigenvectors
In order to identify the solution with the proper physical character, we can use the combined information from both the eigenvalues ͑ab initio frequencies͒ and eigenvectors of the GF matrix simultaneously. Here, F is the force constant matrix, while the G matrix is related to molecular structure and mass. In this approach, we do not simply fit the local mode parameters directly to the ab initio frequencies, but instead proceed by back-transforming 16 from the frequencies to generate the original Hamiltonian. First, we write the set of three ab initio frequencies for the modes to be considered as elements of a 3ϫ3 diagonal matrix X. Then, we use a 3 ϫ3 orthonormal eigenvector matrix U constructed for those modes as discussed in the following section in order to work FIG. 3 . ͑a͒ Plot of CH-bend ab initio projected vibrational frequencies as a function of torsion for methanol; ͑b͒ variation of and ͑c͒ with torsional angle ␥ for the three CH-bend modes. The and values were obtained by fitting ab initio GAUSSIAN 98 vibrational frequencies to the local mode model at each torsional angle, highlighted for the fifth ␥ point by filled symbols. The pairs of curves with diamond and triangle symbols, respectively, represent two alternative solutions giving identical fits, as discussed in the text. Resonance-like features appear at ␥ϭ30°for both and curves.
back to an approximation of the original local-mode Hamiltonian H as follows:
Since the left hand side of Eq. ͑2͒ contains the ab initio eigenvalue matrix X and the eigenvector matrix U for the modes to be considered, evaluation of the local mode parameters from the matrix elements of H(a,b,c,d,e, f ) thus involves both the ab initio eigenvalues and eigenvectors. In general, because the eigenvectors constrain the solution to have the correct symmetry, only one choice among the multiple roots in Fig. 4 will match with the reconstructed Hamiltonian H from Eq. ͑2͒.
E. ͱG"F"ͱG calculations of the eigenvector matrix U
To evaluate the eigenvectors, we first performed a Wilson-Decius-Cross 17 GF matrix calculation for the traditional vibrational problem to look at the internal motions associated with each normal mode. The G98 frequency output gives the eigenvectors directly in Cartesian coordinates for each atom, thus one can already depict the molecular motion for each normal mode of vibration under consideration. However, it is more useful to examine the form of the modes and their degree of localization in terms of internal coordinates, namely bond lengths, bend angles, and dihedral angles. The G98 frequency calculation does not seem to provide this information directly, hence we carried out our own GF matrix calculations in the space of the 12 internal coordinates. We obtained the F matrix from the G98 frequency calculation output, 18 calculated the G matrix from Schachtschneider's GMAT program in its PC version, 19 and diagonalized the ͱ G•F•ͱ G matrix with the symbolic manipulation program MATHEMATICA. ͑Note that we worked with ͱ G•F•ͱ G rather than G•F because the local mode Hamiltonian matrix must be Hermitian, and ͱ G•F•ͱ G is symmetric whereas the G•F product is not.͒ The internal coordinates currently permissible for the input Z matrix in GAUSSIAN 98 are bond lengths, bending angles, and dihedral angles, but not their linear combinations. In Table III , we show the specific bond length and angle coordinates selected as our ''original'' set, and present the coefficients of our normalized ͱ G•F•ͱ G eigenvectors with respect to those coordinates for the 12 normal modes. The C-H stretch modes 2 , 9 , and 3 are well localized ͑Ͼ99%͒ in the C-H bond coordinates, justifying our approach of extracting the 3ϫ3 block for those modes from the full 12ϫ12 eigenvector matrix of Table III , orthonormalizing it to obtain the proper Hermitian form, and then using it as our 3ϫ3 eigenvector matrix U in Eq. ͑2͒. Note that the validity of the approach depends on the orthonormalization step requiring only a small adjustment of the 3ϫ3 block to convert it to Hermitian form. In contrast to the C-H stretches, the two asymmetric CH-bend modes are relatively delocalized for the choice of internal coordinates in Table III . The sums of the squares of the eigenvector coefficients associated with the three ␤ coordinates correspond to ЄH-C-O bending contributions of only about 29% and 16% for 4 and 10 , respectively, with the remaining significant parts coming from the three dihedral angle motions. Thus, the above procedure for constructing a 3ϫ3U eigenvector matrix would not be valid.
IV. CHOICE OF INTERNAL COORDINATES FOR A LOCAL DESCRIPTION OF THE CH-BENDING MODES
For localization of the methyl bending modes, it is known that symmetrized combinations of the bending angles are advantageous, and a standardized set of such coordinates was recommended by Pulay et al. some time ago. 20 Here, after some experimentation, we settled on the ''ultimate'' coordinates shown in Table IV . The (1,Ϫ1,0)/ͱ2 and (1,1, Ϫ2)/ͱ6 combinations of the 3␤'s are taken as the Ќ and ʈ methyl-rocking coordinates and the (1,1,1)/ͱ3 combination of the dihedral angles as the torsion, ␥, in agreement with the recommendations of Pulay et al. 20 However, we have chosen to retain the three ЄH-C-H ␣ angles individually in order to maintain the spirit of the C-H stretch local mode approach 4 of the previous section, in which one starts first from a basis of three completely equivalent local coordinates and then introduces local-local and local-torsion coupling terms.
Table IV presents the eigenvectors from the ͱ G•F•ͱ G calculation at the bottom of the barrier for this ultimate set of internal coordinates. Comparing Tables III and IV, we see that the different coordinate choices do not alter the purity of the local mode characters for the O-H stretch or the three C-H stretch modes. However, the ( 4 , 10 , 5 ) localization in the methyl bending coordinates has improved from ͑29%, 16%, 97%͒ in Table III to ͑91%, 95%, 99%͒ in Table IV , validating the treatment of the CH-bend modes by a local mode picture since they are now well-isolated from the rest of the low frequency modes. , while for the CH-bend modes the overall standard deviation was 0.10 cm Ϫ1 . We note in Table  V that for the CH-bend case the higher-order terms 2 and 1 are larger than their lower-order partners 1 and 0 , so cannot be ignored.
V. LEAST SQUARES FITS TO THE AB INITIO FREQUENCIES FOR THE C-H STRETCHING AND CH-BENDING MODES

VI. PREDICTED TORSIONAL AÕE SPLITTINGS
With the C-H stretch and CH-bend parameters in Table  V , one can also calculate the torsional A/E splitting patterns, employing the extended torsion-active version 4 of the Hamiltonian of Eq. ͑1͒. MATLAB software was used to determine the torsion-vibration eigenvalues for the torsion-active Hamiltonian, with free rotor basis functions included up to mϭϮ13 and the torsional parameters F, V 3 , and V 6 fixed at the ground state values 5 following Ref. 4 . The calculated torsional splittings for the various modes are presented in Table VI , together with the observed ground state and C-H stretch splittings for comparison. Generally, the agreement between experimentally observed and the ab initio calculated splittings for the C-H stretch modes is encouraging. However, to test further our predictive capability for the A/E splittings, additional trial calculations were performed in which the parameter standard deviations were added with random choices of sign to the fitted values of Table V to assess the possible variation in calculated splittings. We took half of the spread between maximum and minimum A/E splittings from these additional test calculations as a measure of the reliability of the predictions, and show these uncertainties in Table VI in parentheses following each splitting. Spectroscopically, the CH-bend modes have not yet been analyzed at high resolution. There are two main difficulties: ͑a͒ in the low resolution spectrum of methanol, 12 the region of absorption in which the three CH-bend modes must be located is broad, relatively unstructured, and weak; ͑b͒ in this weak region, according to normal mode calculations, there should be six vibrational fundamentals including the three CH-bend modes ͑ 4 , 10 , 5 ͒, the OH-bend ( 6 ), and the two CH 3 rocks ( 11 , 7 ) . Moreover, the presence of the first and second excited torsional states of the strong 8 C-O stretch mode is a significant additional complication. Some high resolution results are becoming available in the CHbend region, 21 but the complete vibration-torsion energy pattern will not be known until the analysis is at a more advanced stage. However, our results in Table VI predict that the two asymmetric CH-bend modes should have inverted torsional splittings with reduced amplitudes, in common with the observations for the C-H stretch modes, while the symmetric CH-bend mode should have a normal torsional pattern.
VII. DISCUSSION AND CONCLUSIONS
In this work, we have investigated the fitting of the torsional variation of small-amplitude vibrational frequencies in CH 3 OH by a local-mode internal coordinate model. 4 Information on the torsional dependence was obtained by ab initio calculations employing GAUSSIAN 98 in which the projected frequency feature was used to study the variation of the 11 small-amplitude vibrational frequencies as a function of torsion. The G98 projected frequencies show significant changes as the methyl top undergoes internal rotation from the top to the bottom of the potential barrier. In comparing the ab initio frequency curves for the C-H stretching and CH-bending modes against calculations from a 3ϫ3 local mode Hamiltonian, we have found that in order to reproduce the ab initio results it is necessary to include high-order coupling parameters in the local mode model.
Among the methanol vibrations, the high frequency O-H stretch and three C-H stretch modes are well localized to bond-stretching internal coordinates. In contrast, the low frequency CH bends, OH bend, CH 3 rocks, and C-O stretch are highly mixed in an internal coordinate system of single bond stretches and angle bends. However, isolation of the CH-bend modes can be greatly enhanced by the use of the symmetrized coordinates recommended by Pulay et al. 20 and we find better than 90% local mode character with our ultimate choice of 12 internal coordinates in which the CH-bend modes are described by the three ЄH-C-H angles, the CH 3 rock modes by the asymmetric (1,Ϫ1,0)/ͱ2, and (1,1, Ϫ2)/ͱ6 combinations of the three ЄH-C-O angles, and the torsion by the symmetric (1,1,1 )/ͱ3 combination of the three dihedral angles.
Least squares analyses were carried out for the C-H stretch modes and the CH-bend modes, in which both eigenvalues and eigenvectors for the 3ϫ3 problems at the bottom and the top of the barrier were used together to generate physically meaningful initial input parameters to the nonlinear iterative fits and avoid the problem of multiple solutions. By fitting the ab initio frequencies at all torsional angles ͑66 input data points͒ to a fully Fourier expanded local mode Hamiltonian, we achieved overall standard deviations of 0.23 and 0.10 cm Ϫ1 for the C-H stretch and CH-bend modes, respectively, and sets of seven well-determined expansion parameters including terms up to order cos 3␥ for the localtorsion coupling and cos 2␥ for the local-local coupling.
Comparing our parameters to those determined previously for the CH-stretch modes in the truncated threeparameter local mode model, 4 we find that the reported value of 12.9 cm Ϫ1 derived for from experimental frequencies is shared about equally between our ab initio determined 1 and 2 values while our 0 value is smaller in magnitude than the experimentally-based value but agrees in sign. In the case of the CH-bend modes, no previous experimental values exist. Our results show that the high-order terms 2 and 1 are particularly significant and cannot be ignored.
With our ab initio parameters, we employed the torsionactive version of the local mode formalism 4 to predict the C-H stretch and CH-bend torsional patterns. For the C-H stretch, our calculated splittings are in reasonable quantitative agreement with those observed experimentally, giving confidence in our ab initio approach. For the CH-bend, our results indicate that both 4 and 10 asymmetric CH-bend modes should have inverted torsional patterns, analogous to those observed for the 2 and 9 C-H stretch modes, with a 4 splitting of 1.1 cm Ϫ1 and 10 splitting of 6.1 cm Ϫ1 between levels of A and E torsional symmetry. The symmetric 5 bend mode is expected to have the normal torsional pattern with a splitting of 7.2 cm
Ϫ1
. It will be interesting to get experimental observations for the CH-bend torsional splittings in the future for a comparison. Already, the predicted inversion of the torsional patterns for the two asymmetric CH-bending modes is no longer unexpected, as inverted splittings have been seen for the 11 out-of-plane rock, 1 and the 9 and 2 asymmetric C-H stretch modes, 2, 4 implying that such inversion represents a general behavior for molecules with internal rotation as suggested in Ref. 4 .
Although this work involves substantial comparison of ab initio derived results with the 3ϫ3 local mode model, it is worth mentioning that the ab initio results are obtained with all 12 degrees of freedom included while the 3ϫ3 local mode model takes into consideration only the three C-H stretch or the three CH-bend internal coordinates plus torsion. Table IV gives information on the coupling among vibrational coordinates for the 12 normal modes of methanol expressed in our ultimate choice of internal coordinates. The O-H stretch mode is the purest in nature, arising almost solely from the O-H bond-stretching coordinate. Although our choice of internal coordinates largely isolates the three CH-bending modes from other low frequency modes, the remaining AЈ low frequency modes are still highly mixed. In particular, we note that, somewhat surprisingly, the nominal C-O stretch mode only contains a 36% contribution from the C-O bond-stretching motion. The majority of the C-O stretch mode character is shared, with 30% from the ЄC-O-H bending plus another 30% from the asymmetric (1,1, Ϫ2)/ͱ6 ЄH-C-O bending combination associated with the in-plane methyl rocking motion. The OH bending mode contains a 58% contribution from the ЄC-O-H angle coordinate and about 33% from the in-plane rocking coordinate.
Our findings here on the extended Hamiltonian and mode localization may throw some light on the problems with the CH-bending and OH-bending Fourier expansions noted in recent work 22 unifying Halonen's local mode Hamiltonian for the O-H stretch 23 with Wang and Perry's active-torsion extension of the local mode approach. 4 Our ab initio results on the CH-bending modes have shown that inclusion of high-order terms in the local mode model and a good choice of internal coordinate descriptions for the bending modes are both key ingredients in accurately representing the bending modes with a Fourier expansion.
It will now be interesting to explore whether a similar form of local mode Hamiltonian can be obtained to model the remaining four low-frequency ab initio curves for the C-O stretch, two CH 3 rocks, and the OH bend, and in particular to explain the large increase in effective torsional barrier height for the in-plane CH 3 -rock 15 and the inverted torsional splitting for the out-of-plane rock. 
